Breast cancer is a widely distributed type of cancer in women worldwide, and tumor relapse is the major cause of breast cancer death. In breast cancers, the acquisition of metastatic ability, which is responsible for tumor relapse and poor clinical outcomes, has been linked to the acquisition of the epithelial-mesenchymal transition (EMT) program and self-renewal traits (CSCs) via various signaling pathways. These phenomena confer resistance during current therapies, thus creating a major hurdle in radiotherapy/chemotherapy. The role of very low doses of radiation (LDR) in the context of EMT has not yet to be thoroughly explored. Here, we report that a 0.1 Gy radiation dose reduces cancer progression by deactivating the JAK1/STAT3 pathway. Furthermore, LDR exposure also reduces sphere formation and inhibits the self-renewal ability of breast cancer cells, resulting in an attenuated CD44 + /CD24 − population. Additionally, in vivo findings support our data, providing evidence that LDR is a promising option for future treatment strategies to prevent cancer metastasis in breast cancer cases.
In nature, humans are regularly exposed to certain low doses of ionizing radiation, including medical radiotherapy, natural environmental background radiation and exposure to radioactive materials widely used in industrial applications. Therefore, examining the effects of low-dose radiation (LDR) has received a great deal of attention from those who study radiation biology. Nevertheless, there is also cumulative evidence indicating that radiation under certain doses could stimulate various repair mechanisms to reverse the initial damage and protect the organism from subsequent radiation or other exposures that may cause cancer [1] [2] [3] . The biological effects of LDR (<0.2 Gy) at certain levels differ from those of high-dose radiation (HDR; >2 Gy) in a manner which cannot be explained by the linear no-threshold (LNT) hypothesis. The LNT model means that the increased health risk is proportional to the received radiation dose at very low levels. This model implies that there is no threshold dose below which no increase in health risk is shown. For example, the chances of radiation-induced cancer in human survivors are greater for those exposed to higher doses (>2 Gy) relative to those exposed to low doses 4 . LDR exhibits various effects on organisms depending on the given dose rate and radiation rays used. While radiosensitivity levels differ considerably among individuals, the irradiation dose or frequency required to induce anticancer effects is also distinctive. Therefore, many issues must be clarified, such as the irradiation dose and the frequency to be used in clinical practice. One report suggests that a single dose of X-ray radiation represses tumor metastases in mice if given at low doses (0.1 or 0.2 Gy) 5 . It has also been shown that in mice exposed to single or fractionated low doses of X-or γ-rays, the growth of primary and/or metastatic tumors is delayed 6, 7 . A total dose of 0.1 or 0.2 Gy applied fractionally was associated with less tumor formation in exposed mice models 8 . Moreover, LDR has been reported to improve the effectiveness of chemotherapeutic drugs 9 . Given that frequent
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tumor relapse after high-dose radiotherapy is the major cause of the failure of current treatment approaches and follow-up with the above mentioned beneficial effect of LDR, recently researchers are becoming more interested in checking epithelial-mesenchymal transition (EMT) processes with the use of LDR. EMT is a well-recognized program is closely related to embryonic development and induced tumor progression 10 . The features of EMT involve losses of cell-cell contact and adhesion molecules, decreased expression of epithelial markers, and increased expression of mesenchymal markers 11 . Earlier data showed that breast tumor relapse after therapy is a hallmark of EMT 12 . Moreover, in breast cancer cases, the EMT state is linked to a cancer stem cell (CSC)-like population harboring the CD44+/CD24− profile, which shows resistance to therapies. The CSC-like population within cancer cells in particular has been proposed to play a critical role in metastatic progression and therapy resistance 13 .
In our previous work, we showed that LDR reduces the malignant phenotype in oncogene KRAS (Kirsten rat sarcoma viral oncogene homolog) transformed breast epithelial cells. This phenomenon is due to the LDR-induction of antioxidants counteracting KRAS-induced ROS levels in LDR-exposed cells 14 . As metastasis is associated with increased malignant tumor progression, we sought to examine the effects of LDR with regard to EMT in breast cancer cells. The data presented in this report indicate that LDR stimulates a decrease in cancer progression as induced by triple negative MDA-MB231 basal breast cancer cells. Moreover, down-regulation of JAK1/STAT3 phosphorylation confirms that these factors are critically involved in LDR-attenuated EMT and stemness in breast cancer cells. Using LDR along with an anticancer drug may be a more effective as well as the safest cancer treatment in future time.
Results
Diminution of CSC-like maintenance in breast cancer cells after LDR. As cancer stem cells are highly responsible for tumor relapse after radiotherapy 15 , we initially focused on investigating the response of LDR in breast cancer cells with regard to CSC maintenance. To check the response of LDR in breast cancer, we initially examined a CD44+/CD24− population, i.e., those survived within breast cancer and maintained stemness, in LDR-exposed MDA-MB231 breast cancer cell lines. To this end, we used a dose of fractionated radiation (0.01 Gy ten times; 0.01 Gy × 10) and a single dose (0.1 Gy) to irradiate MDA-MB231 breast cancer cells. Flow cytometric and ELISA analyses revealed that LDR exposure attenuated the CD44+/24− cell population in MDA-MB231 cells (Fig. 1A,B) . Consistent with this data, CD44 protein levels were also found to be reduced after LDR exposure in these cell lines (Fig. 1C) . Apart from CD44, cancer stem cells displayed high levels of the OCT4 levels 16 . When the levels of these proteins were analyzed in LDR-exposed MDA-MB231 cells, it was found that LDR reduced the protein levels of OCT4 remarkably to a greater extent (Fig. 1C) . The reduced OCT4 and CD44 expression confirmed our findings that LDR is capable of diminishing CSC-like population in MDA-MB231 triple-negative breast cancer cells (Fig. 1D ). In agreement with these results, immunofluorescence staining confirmed that CD44 and OCT4 expression levels were noticeably decreased after LDR exposure in MDA-MB231 cells (Fig. 1E) . To mimic the basal phenotype, we further examined LDR-exposed MCF7 breast cancer cells in a sphere-condition medium. A subpopulation of breast cancer cells has been demonstrated to have stem-like cell properties, such as self-renewal or sphere-forming capabilities 17, 18 . To check whether LDR can have an effect on stem-cell-like characteristics in breast cancer, we utilized sphere clonal assays. Notably, we observed a significant reduction in sphere formation in MCF7 cells after LDR exposure (Fig. 1F) . Moreover, a single cell assay showed that the sphere size was also smaller after LDR exposure in MCF7 cells when compared to a control (Fig. 1G,H) . Broadly, CD44+/CD24− population profile is recognized in breast cancer for the presence of tumor initiating cells. To this end, CD44+CD24− staining further supported our observations that LDR can modulate these populations in breast cancer (Fig. 1I) . We also demonstrated that the degree of sphere formation was reduced after LDR treatment in sphere-cultured MCF7 breast cancer cells, as confirmed by a limiting dilution assay (Fig. 1J ). Taken together, these results indicate that LDR has the potential to reduce the maintenance of CSC-like populations in breast cancer cells.
LDR suppresses the invasiveness of breast cancer cells. We subsequently assessed whether LDR can inhibit tumor progression via the EMT process, which is characterized by increased cellular motility and invasiveness along with a loss of epithelial markers. Our data showed that a single or fractionated dose (0.1 Gy) of LDR decreased migration and invasion in MDA-MB231 cells ( Fig. 2A,B) . Notably, EMT marker and transcription factor changes, including the reduced vimentin and SNAI2 levels, were observed after the cells were treated with LDR ( Fig. 2C) , indicating decreased EMT process in MDA-MB231 cells. Moreover, the expressions of vimentin and SNAI2 were significantly downregulated after LDR exposure in these breast cancer cells (Fig. 2D) . In addition, less accumulation of vimentin on cell membranes was noted in LDR-exposed cells as compared to control cells (Fig. 2E) . A morphological analysis revealed that cells undergoing a LDR treatment became shorter and rounder, as shown in Fig. 2F . Collectively, we provide strong evidence that LDR is capable of suppressing the EMT-like phenomenon in MDA-MB231 breast cancer cells.
LDR blocks CSCs and invasiveness by inhibiting JAK1/STAT3 signaling in breast cancer cells. We then sought to determine the signaling mechanism downregulating CSC and EMT in response to radiation. It has been reported that the JAK/STAT signaling pathway is required for the maintenance of CD44 +
CD24
− stem-cell-like breast cancer cells in cancer cells 19, 20 . In line with these studies, we checked the phosphorylation status of the JAK/STAT pathway in LDR-exposed MDA-MB231 cells. Our data demonstrated that the phosphorylation of JAK1 and STAT3 was decreased more pronouncedly in LDR-exposed cells as compared to a control (Fig. 3A) . Additionally, immunofluorescence staining data confirmed that pJAK1 was noticeably decreased in MDA-MB231 cells after LDR exposure (Fig. 3B ). As noted above, as the JAK/STAT pathway is crucial for CSC maintenance, we checked the protein levels of CD44 and CD24 in LDR-exposed MDA-MB231 cells after JAK1 overexpression. We observed that JAK overexpression increased the CD44 and CD24 levels in those LDR-treated cells compared to a control (Fig. 3C) . We also checked for CD44 positive cells in JAK-overexpressing MDA-MB231 LDR cells. Interestingly, we found a significant increase in the CD44 population in LDR-exposed JAK-overexpressing MDA-MB231 cells when compared to a control (Fig. 3D,E) . Moreover, immunofluorescence data provide support for our observations that JAK overexpression enhances the expression of CD44 in LDR-exposed breast cancer cells as compared to a control (Fig. 3F) . A considerable amount of evidence suggests that the JAK/STAT pathway regulates the EMT process in various cancer cells 21 . To this end, we subsequently measured the involvement of this pathway with regard to EMT in the response to radiation. As expected, LDR significantly attenuated migration and invasion in JAK-overexpressing basal-type MDA-MB231 cells (Fig. 3G) . Taken together, we conclude here that LDR halts the invasiveness in breast cancer cells via the attenuation of CSC maintenance and EMT.
LDR suppresses lung metastasis by breast cancer cells. Given that our data as described above revealed that LDR reduces invasiveness through EMT, we decided to determine whether our findings are also valid in vivo. To test whether LDR can decrease breast metastasis in vivo, metastatic MDA-MB231 LM2 breast cancer cells were transplanted into the tail vein of athymic balb/c nude mice (n = 4) (Fig. 4A ). Compared to a control, lung metastasis was markedly decreased in LDR-treated tumors than in the control cases. Of note, the number of metastatic foci was effectively decreased in the LDR-treated mice compared to their control counterparts ( Fig. 4B,C) . Collectively, these results suggest that LDR reduces the metastatic ability of breast cancer cells in vivo to the lungs.
Materials & Methods
Cell culture and antibodies. Breast cancer cell lines MCF-7 and MDA-MB231 were established from the American Type Culture Collection (Manassas, VA). MCF7 cells were grown in MEM and MDA-MB231 cells were grown in DMEM. All media were supplemented with 10% fetal bovine serum, penicillin (100 units/ml), and streptomycin (100 g/ml). These cells were cultured in a humidified 5% CO 2 atmosphere at 37 °C. To grow breast cancer cells under a sphere culture condition, cells were cultured in serum-free DMEM-F12 media (Invitrogen, Korea) as described previously 22 . Antibodies specific to OCT4, SLUG (SNAI2), pJAK1(Tyr1022), JAK1, and STAT3 were obtained from Santa Cruz Biotechnology, Inc. CD44-PE and CD24-FITC antibodies were purchased from BD Transduction Laboratory (Seoul, Korea). Antibodies to pSTAT3 (Tyr705) were purchased from Cell Signaling Technology. Vimentin and CD44 were purchased from Abcam (Cambridge, UK), whereas 4,6-Diamidino-2-phenylindole (DAPI), an antibody specific to Flag and β-actin were obtained from Sigma, Korea. Anti-mouse or rabbit Alexa Fluor 488 and anti-rabbit or mouse Alexa Fluor 546 were purchased from Invitrogen.
Irradiation. Breast cancer cells were plated in 60-mm dishes and irradiated with a 137Cs laboratory
γ-irradiator (LDI-KCCH 137, Seoul, Korea) at a dose rate of 0.1 Gy/min for the time required to apply a prescribed dose at room temperature. For fractionated radiation of 0.1 Gy, cells were irradiated on five consecutive days per week for two weeks to establish 0.01 Gy × 10 fractionated radiation cells. The single dose of radiation (0.1 Gy) was applied at the same time as the last dose of the fractionated radiation. Flow cytometry. To examine the breast cancer stem cell population with enriched CD44 expression, the LDR-exposed 5 × 10 5 breast cancer cells were labeled with an anti-CD44/PE antibody (BD Biosciences, Korea). A respective control was also prepared and tested for each sample. Briefly, control and exposed cells were incubated for 20-25 min at 4 °C, washed twice with PBS, and immediately analyzed using a BD FACSVerse cytometer and the FACS suite software. The percentage of dead cells was determined using propidium iodide (PI, 50 ng/ml) (Sigma) according to the manufacturer's instructions and was analyzed using a flow cytometer.
Migration and invasion assays.
To assess the degrees of the migration and invasion, 2 × 10 4 cells were plated in Transwell plates. For the invasion experiment, we used chambers with inserts that were pre-coated with growth-factor-reduced Matrigel (BD Biosciences), however; the inserts left uncoated so as to undertake the migration assays as described previously 23 .
Self-renewal assays. Briefly, for the sphere-forming assays, LDR exposed MCF7 sphere cells were collected and dissociated into single cells and further plated in an ultra-low-attachment 60mm dish at 1 × 10 3 cells/ml in triplicate. The numbers of spheres which formed in the control and LDR-exposed breast cancer cells were monitored on days 1-4 using Motic Images Plus 2.0 software in three randomly chosen fields. For the self-renewal or clonal assays, sphere cells were dissociated using Accutase and individual breast cancer sphere cells were plated into 96-well plates. On the next day, each well was visually checked to verify the presence of a single cell. After the clones were grown, clone formation was monitored for several days. Clone sizes were measured using a phase-contrast microscope with the Motic Images Plus 2.0 software 24 .
Limiting dilution assays. Briefly, cells were plated at different dilutions, in this case 1 × 10 3 cells/ml, 4 × 10 2 cells/ml, 2 × 10 2 cells/ml, and 1 × 10 2 cells/ml for 16, 32, 48, and 96 wells, respectively, in ultra-low-attachment 96-well cell-culture plates. Data were analyzed using the online tool available at http:// bioinf.wehi.edu.au/software/elda/.
Immunoblotting. Cell lysates were prepared by extracting proteins with lysis buffer [40 mM Tris-HCl (pH 8.0), 120 mM NaCl, 0.1% Nonidet-P40] supplemented with protease inhibitors. Proteins were separated by SDS-PAGE and then transferred to a nitrocellulose membrane (Amersham, IL). Membranes were blocked with 5% skim milk in Tris-buffered saline and incubated with primary antibodies overnight at 4 °C. The blots were then developed with a peroxidase-conjugated secondary antibody, and the proteins were visualized by enhanced chemiluminescence (ECL) procedures (Amersham, IL) using the manufacturer's protocol. Real time PCR. Total RNA was extracted using the TRIzol reagent (Ambion). All qRT-PCR processes were accomplished using the KAPA SYBR FAST qPCR kit from KAPA Biosystems (Wilmington, MA, USA) according to the manufacturer's instructions. Amplification reactions were carried out in a Rotor Gene Q (Qiagen, Korea), and results were expressed as the fold change calculated by the ΔΔCt method relative to the control sample. β-actin was used for normalization as a control.
Immunofluorescence.
Animal experiments. GFP-tagged metastatic MDA-MB231 LM2 breast cancer cells (1 × 10 6 cells/200 μl PBS) were intravenously injected into the tail of athymic BALB/c female nude mice (7-8 weeks of age; Orient). Once tumors had reached to 100 mm 3 , the mice were randomly divided into LDR irradiation and control groups. Lung metastasis was analyzed by counting the number of surface metastatic foci in the lung in both groups. This study was reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of the Center for Laboratory Animal Sciences, the Medical Research Coordinating Center, and the HYU Industry-University Cooperation Foundation. All methods were performed in accordance with the relevant guidelines and regulations.
Statistical analysis. All experimental data are represented as the mean ± standard deviation (S.D.) of at least three independent tests. The statistical analysis was performed using the parametric Student's t-test to check the significance levels.
Discussion
Breast cancer is a deadly form of cancer among women worldwide 25 . Consequently, advances in the treatment of this cancer have high priority among researchers. In recent years, radiotherapy has been widely used to treat various cancers effectively at advanced stages. However, the acquisition of radioresistance during radiotherapy in patients causes therapy to become ineffective 26 . Apart from this, damage to normal tissues is unavoidable during high-dose radiation treatments. A successful radiation therapy is considered as an enhancement of tumor cell death through the activation of tumor immunogenicity while simultaneously minimizing the adverse effects on surrounding healthy tissues. Georgakilas et al. 27 recently suggested that with low and high doses of radiation, it is very difficult to predict the responses of all signaling pathways and inflammatory factors uniformly for all types of radiation doses given. On the other hand, it is also well established that radiation exposure induces changes in the immune system through the induction of an inflammatory environment and radiation-induced cell death 28 . Reasonable X-rays below 1 Gy, i.e., at very low doses of ionizing radiation, can have certain anti-inflammatory events while high doses mainly cause cellular DNA and protein damage, eventually resulting in radiation-induced immune modulation 29 . Hence, it is challenging to distinguish between the different means of radiation at effective doses without, or with less harm to, the surrounding tissues for those in the radio therapeutic field. Here, our results showed that LDR decreased malignancy by suppressing EMT and cancer stem-cell maintenance in breast cancer cells.
Many reports have provided evidence that EMT is responsible for boosting cell motility and invasiveness in multicellular organisms 30 , promoting cancer development 31 . Here, we report that LDR decreases the migration and invasion in triple-negative MDA-MB231 breast cancer cells. Moreover, LDR downregulated the expression levels of vimentin and SNAI2 (SLUG) (Fig. 2) , critical markers of EMT regulation, more prominently. All of these markers of tumor progression have been held to be associated with higher CSC maintenance. This CSC population can be prolonged by the EMT process 32 . It has been reported that breast cancer cells with the CD44+CD24-phenotype and stem-cell-like features are highly resistant to cancer therapies 33 . Here, our data demonstrate that LDR exposure leads to a reduction of the CD44 population with the subsequent ablation of CSC-like features, such as self-renewal. Our findings also suggest that LDR reduces the clonal frequency in breast cancer cells, as confirmed with limiting dilution assays (Fig. 1) .
The JAK/STAT pathway has been thoroughly explored in relation to various cancer types 34 . The constitutive activation of STAT3 signaling due to aberrations in JAK has been confirmed in various hematopoietic malignancies 35 . Following up on these studies, recently Marotta et al. claimed that the JAK2/STAT3 signaling pathway is required for the growth of CD44+CD24-stem-cell-like breast cancer cells in human tumors 19 . Generally, CD44+CD24-cells are relatively high in incidences of basal-like breast cancer as compared to luminal tumor cells 36, 37 . In agreement with these studies, we propose here that LDR downregulates the JAK1/STAT3 pathway more noticeably in MDA-MB231 cells. Moreover, JAK overexpression reverses the effect of LDR on migration and invasiveness along with CSC maintenance. In summary, we demonstrated that LDR effectively suppresses the markers and regulator levels that are specifically required for the EMT program. A similar effect was observed in the case of the maintenance of CD44+CD24− breast cancer cells by LDR. Inhibition of the JAK1/STAT3 pathway is crucial for targeting aggressive characteristics in these basal like cells. Furthermore, in vivo findings suggested that LDR has the potential to suppress lung metastases of breast cancer cells. Fractionated as well as single doses of LDR effectively decrease the lung metastatic nodules; however, fractionated radiation more significantly suppresses lung metastasis. This may arise because a single dose imparts more stress on an animal at one time, whereas fractionated doses do not present strong stress with each given dose as compared to a single-dose treatment. It may be that a single dose of radiation stimulates cross-priming, resulting in a lack of control of "bulky" palpable tumors. Collectively, our data suggested that the use of LDR is a promising approach for the safe treatment of breast cancer at low doses.
